Insulin and leptin are peripheral metabolic factors signaling the body needs in energy to the central nervous system. Because energy homeostasis and reproductive function are closely related phenomena, we investigated the respective roles played by insulin and leptin in the hypothalamic control of GnRH secretion. We observed that increasing circulating insulin levels, by performing hyperinsulinemic clamp studies in male mice, was associated with a significant rise in LH secretion. This effect of insulin is likely mediated at the hypothalamic level, because it was also found to stimulate the secretion and the expression of GnRH by hypothalamic neurons in culture. Leptin was found to potentiate the effect of insulin on GnRH secretion in vitro but was devoid of any effect on its own. These data represent the first evidence of direct insulin sensing by hypothalamic neurons involved in activating the neuroendocrine gonadotrope axis. They also demonstrate that these neurons can integrate different hormonal signals to modulate net hypothalamic GnRH output. We propose that such integration is an essential mechanism for the adaptation of reproductive function to changes in the metabolic status of an individual. T HE HYPOTHALAMUS EXERTS a primordial influence over two major determinants of species survival: energy balance and reproduction. These two functions are closely linked; indeed, the relationship existing between the nutritional status of an individual and the activation of the neuroendocrine gonadotrope axis has long been recognized (1). Adequate energy stores are a prerequisite to normal pubertal development and to continuing reproductive capacity in adulthood. This is true for humans as well as for rodents (2-4). However, the precise mechanisms implicated have only partially been elucidated.
rons in culture. Leptin was found to potentiate the effect of insulin on GnRH secretion in vitro but was devoid of any effect on its own. These data represent the first evidence of direct insulin sensing by hypothalamic neurons involved in activating the neuroendocrine gonadotrope axis. They also demonstrate that these neurons can integrate different hormonal signals to modulate net hypothalamic GnRH output. We propose that such integration is an essential mechanism for the adaptation of reproductive function to changes in the metabolic status of an individual. T HE HYPOTHALAMUS EXERTS a primordial influence over two major determinants of species survival: energy balance and reproduction. These two functions are closely linked; indeed, the relationship existing between the nutritional status of an individual and the activation of the neuroendocrine gonadotrope axis has long been recognized (1) . Adequate energy stores are a prerequisite to normal pubertal development and to continuing reproductive capacity in adulthood. This is true for humans as well as for rodents (2) (3) (4) . However, the precise mechanisms implicated have only partially been elucidated.
Insulin and leptin are metabolic factors, circulating in the periphery, that participate in the hypothalamic control of metabolism and reproduction. It is now well established that, in addition to its role in glucose homeostasis, insulin participates in the long-term signaling of satiety to the hypothalamus (5-9). Moreover, it was recently demonstrated that normal insulin signaling within the central nervous system is essential for the correct activation of the gonadotrope axis in rodents (5) . This is illustrated by the phenotype of mice with central insensitivity to insulin after the neuron-specific inactivation of the insulin receptor; these animals exhibit hyperphagic obesity, and they also suffer from hypogonadotropic hypogonadism (5) . The potential importance of insulin in this setting is further underlined by the observation that insulin-dependent diabetes mellitus is accompanied by reproductive abnormalities resulting from impaired LH secretion in both human and animal models (10, 11) .
Similarly, leptin (12) signals the body needs in energy to the central nervous system and is one of the factors implicated in the development of puberty in humans and various rodent models (13) (14) (15) (16) (17) (18) (19) . Therefore, and because both insulin and leptin are transported across the blood brain barrier (20) , we hypothesized that these two factors might interact within the hypothalamus to modulate the secretion of GnRH, the critical hormone ensuring normal reproductive function (21) .
The aim of the present studies was to better define the respective roles and potential interactions of insulin and leptin in the control of the neuroendocrine gonadotrope axis. Therefore, we investigated the regulation of GnRH secretion by these two hormones in vitro in primary cultures of hypothalamic neurons as well as in vivo in adult male mice. We found that GnRH secretion from cultured hypothalamic neurons was stimulated directly and dose-dependently by insulin, demonstrating direct insulin sensing by hypothalamic neurons. In contrast, leptin alone had no effect in this in vitro system but was found to potentiate the insulin stimulation. The relevance of these observations for the regulation of reproductive function is suggested by our finding of a stimulation of the neuroendocrine gonadotrope axis of adult mice at the end of hyperinsulinemic clamp studies performed in vivo.
Materials and Methods

Neuronal cultures
2 mm from the ventral surface of the tissue block (23) . Cells were dispersed mechanically in PBS buffer (PBS without calcium or magnesium; Gibco BRL, Life Technologies, Inc., Basel, Switzerland) supplemented with 0.06% glucose (Fluka Chemie GmbH, Buchs, Switzerland) and 100 U/100 g/ml penicillin/streptomycin (Seromed, Biochrom KG, Berlin, Germany). After dispersion, cells were plated at a density of 500 live cells/mm 2 in 6-or 12-well plates (Corning Costar Corp., Cambridge, MA) containing round coverslips (Assistent, Karl Hecht GmbH & Co. KG, Altnau, Switzerland) coated with 5 g/ml poly-d-lysine (Sigma, Fluka Chemie GmbH), and grown in commercially available medium (Neurobasal, Gibco BRL, Life Technologies, Inc.) with 0.04% B27 supplement (Gibco) containing 500 m glutamine and 25 m glutamate (Sigma, Fluka Chemie GmbH). Forty-eight hours after plating, 2 m cytosine ␤-d-arabinofuranoside (Sigma, Fluka Chemie GmbH) was added to prevent proliferation of nonneuronal cells. Half of the medium was then changed every fourth day, and all experiments were performed in 3-to 4-wk-old cultures. This time point was chosen based on an analysis of peptide expression over time in culture (22) .
Perifusion protocols
Perifusion experiments were performed in Krebs-Ringer solution [ (22) . On the day of the perifusion, the coverslips were directly transferred into the perifusion chambers (two coverslips/ chamber), a procedure that allows to keep intact the neuronal network formed in vitro. On transfer, the perifusion was immediately started at a flow rate of 350 l/min, but an equilibration period of at least 1 h was always observed before beginning the experiment. The effluent medium was collected as 4-min fractions throughout the experiment, in tubes (Nalge Nunc International, Life Technologies, Inc.) kept at 4 C and containing 1 l of 10% Tween 20 (Pierce, Socochim SA, Lausanne, Switzerland). On collection, the samples were immediately frozen until the day of the assay. Samples from an individual perifusion were always measured in the same assay. On the day of the assay, the samples were concentrated 10-fold by centrifugation (AS160 Automatic SpeedVac, Savant, Leybold AG, Kö ln, Germany), and GnRH could then be measured directly by RIA as described (24) . The limit of detection of the assay was 3.9 pg/ml.
The capacity of these neurons to secrete GnRH in perifusion was initially characterized by their responsiveness to two well-described GnRH secretagogues, nicotine and the excitatory amino acid N-methyld-aspartate (NMDA), both purchased from Sigma, Fluka Chemie GmbH (25, 26) . NMDA was used at a fixed concentration of 25 ϫ 10 Ϫ3 m, whereas dose-response experiments were performed with nicotine (using concentrations ranging from 5 ϫ 10 Ϫ4 m to 5 ϫ 10 Ϫ3 m, Sigma, Fluka Chemie GmbH). Next, the potential effects of insulin (Sigma, Fluka Chemie GmbH) were also evaluated by similar dose-response experiments (using concentrations ranging from 4 ϫ 10 Ϫ5 m to 8 ϫ 10 Ϫ4 m). All stimulations lasted 32 min (eight 4-min fractions), and the various concentrations of nicotine or insulin were applied in random order. Finally, similar experiments were performed with IGF-I (purchased from Life Technologies, Inc.), used at two different concentrations (100 ng/ml and 200 ng/ml).
In further in vitro experiments, insulin was always used at a concentration of 4 ϫ 10 Ϫ4 m, which was the lowest dose eliciting a significant stimulation over baseline in our system. The effects of the glucose content of the medium on the responsiveness of hypothalamic neurons to insulin were then studied. Two consecutive insulin stimulations (4 ϫ 10 Ϫ4 m) were applied, one in low glucose (0.5 mm) and the other in high glucose (20 mm) . Half of the perifusions were performed with the low glucose first, and the other half with the high glucose first. In different experiments designed to evaluate the potential role of glucose per se, its concentration in the perifusion medium was changed acutely (different concentrations ranging from 0.5-20 mm were applied in random order), and basal GnRH secretion was measured in the effluent.
Next, the potential involvement of ATP-dependent potassium (K ATP ) channels in basal or insulin-stimulated GnRH secretion was evaluated by the study of the effects of the sulfonylurea tolbutamide on GnRH secretion from these perifused hypothalamic neurons. Tolbutamide (Serva, Feinbiochemika, Heidelberg, Germany) was used at the concentration of 2 ϫ 10 Ϫ4 m (27, 28) . Experiments were performed, as follows, in Krebs-Ringer solution containing the usual 11.1 mm glucose: An initial stimulation with tolbutamide alone was applied, followed by two identical insulin stimulations (4 ϫ 10 Ϫ4 m). The second insulin stimulus was applied in the presence of tolbutamide. This design allowed us to test the effects of tolbutamide on basal GnRH secretion as well as its potential role in modulating the response to insulin.
Finally, the effects of leptin (murine leptin, a generous gift of Mark Heiman, Eli Lilly and Co., Indianapolis, IN) on basal GnRH secretion were studied both chronically and acutely. For the chronic effects, neurons were preincubated, in the presence of leptin, by changing half of the medium for leptin-containing medium, 24 or 48 h before the perifusion experiment (final leptin concentration, 10 Ϫ6 m). On the same day, half of the medium of different wells of neurons obtained from the same dispersion was also changed, but without the addition of leptin (control neurons). On the day of the experiment, two different perifusions were run in parallel: the test perifusion was performed using neurons that had been exposed to leptin and was run in Krebs buffer containing the same concentration of leptin (10 Ϫ6 m); the second perifusion (control) was performed in standard Krebs buffer with neurons that had not been exposed to leptin. Basal GnRH secretion was compared between the two different columns. Next, the acute effects of leptin on basal GnRH secretion were studied by stimulating the cells with leptin at two different concentrations (10 Ϫ7 m and 10 Ϫ6 m). Because no effect of leptin was observed in these experiments, a potential interaction between leptin and insulin was evaluated. Perifusion experiments were performed as follows: Two identical insulin stimulations (4 ϫ 10 Ϫ4 m) were applied consecutively, the first one without leptin (control) and the second one in the presence of leptin (either 10 Ϫ7 m or 10 Ϫ6 m). The perifusion of leptin was started 32 min (eight fractions) before the insulin stimulus. This design allowed us to evaluate a modulation of the insulin-stimulated GnRH secretion by leptin and also to confirm the absence of any acute effect of leptin alone on basal GnRH secretion.
Expression studies
These studies were performed in static neuronal cultures grown in six-well plates. On the day of the experiment, all the culture medium was gently aspirated from the wells and replaced for DMEM (Life Technologies, Inc.) with 5 mm glucose and containing either insulin (4 ϫ 10 Ϫ4 m), leptin (10 Ϫ6 m), or both. Control wells were incubated with DMEM-5 mm glucose only. After 24 h, the medium was aspirated, the cells were harvested, and total RNA was extracted using commercially available reagents (TriPure Reagent, Roche Diagnostics, Rotkreuz, Switzerland). GnRH mRNA content was quantified by real-time RT-PCR as described (29) , using the LightCycler technology (Roche Diagnostics, Rotkreuz, Switzerland) with SYBR green detection. Briefly, RT was performed with random primers. For PCR, the sense primer was GAACGTCTGATT-GAAGAGGAAG and the antisense primer TACTTTATTATGAAATC-TACGCTG. A standard curve was created with serial dilutions of a PCR fragment cloned into pGEM-T (pGEM-T easy Vector sytem I; Promega, Madison, WI), achieving a sensitivity of 10 copies/tube. Different dilutions of the samples were tested in preliminary experiments to ensure that quantification would be performed within the linear part of this standard curve. After this test, all samples were quantified in at least two different runs. The interassay CV was between 6 and 15%, and a third run was performed for samples with an interassay CV more than 10%. For quantification purposes, GnRH mRNA levels were always reported to the levels of ␤ 2 -microglobulin, a constitutively expressed gene. Primer pairs used for ␤ 2 -microglobulin amplification were the following: sense, TGAGTATGCCTGCCGTGTGA; antisense, GGCATCTTCAAACCT-CCATG.
Hyperinsulinemic clamps
Hyperinsulinemic clamp studies were performed, as described (30) , in freely moving adult male mice. Briefly, an indwelling catheter was placed into the femoral vein, under anesthesia; sealed under the back skin; and glued onto the top of the skull. Mice were allowed 5-6 d to recover. On the day of the experiment, they were fasted for 6 h before starting the insulin infusion at a rate of 18 mU/kg⅐min. Control animals were infused with the same volume of normal saline. Blood glucose was continuously measured in samples collected from the tip of the tail vein, using a blood glucose meter. The glycemia was stabilized at either 2.5 mm, 5.5 mm, or 20 mm by adjusting a variable infusion of 16.5% glucose. At the end of a 3-h clamp, animals were rapidly killed by decapitation, and trunk blood was collected for the following measurements: plasma LH levels, measured using antiserum and reagents obtained via the National Institute of Diabetes and Digestive and Kidney Diseases' National Hormone and Pituitary Program (a generous gift from Dr. A. F. Parlow); plasma glucose concentrations, determined by a glucose oxidase method (Trinder Kit, Sigma Diagnostic, St. Louis, MO); and plasma insulin concentrations, determined by RIAs (Linco Research, Inc., St. Charles, MO).
Data analysis
All results are expressed as mean Ϯ sem, and a minimum of four independent perifusions, run on different days, were performed for each experiment (see figure legends). Integrated GnRH secretion was estimated by calculating the area under the secretory curve (AUC) over 32 min after stimulation, using the trapezoidal method. For each experiment, basal AUC was calculated over 32 min at the beginning (i.e. before the application of any stimulus) and at the end of the perifusion. A value of 100% was attributed to the mean of these basal values for each separate perifusion; and stimulated AUC values were expressed as percent of this basal level, to correct for the variability existing in the absolute amount of GnRH secreted between experiments.
For in vitro dose-response experiments (with nicotine and insulin), basal and stimulated AUCs were compared by ANOVA. Plasma LH levels in vivo were compared using Student's t test. The effects of tolbutamide on stimulated GnRH secretion were assessed in two different ways. First, the GnRH values at each time point after the insulin stimulation were compared with the GnRH levels measured at the same time point after insulinϩtolbutamide. Second, the AUCs in the presence and in the absence of tolbutamide were compared. These comparisons were performed by Student's t test.
The effects of leptin on stimulated GnRH secretion were also assessed in several different ways. First, the GnRH values at each time point after the beginning of the insulin stimulation were compared by Student's t test to the levels measured at the same time points after the insulinϩleptin stimulation. Second, the AUCs of GnRH secretion after insulin, in the presence or in the absence of leptin, were compared by ANOVA. Third, the peak GnRH levels achieved after insulin alone were compared by Student's t test to the peak levels observed after insulin and leptin. And fourth, because we noticed a change in the pattern of GnRH secretion in the presence of leptin, the slope of secretion over the initial 8 min of stimulation was calculated as follows: the difference between GnRH concentrations between 0 and ϩ8 min was calculated, and divided by 8 to provide the average increment in GnRH concentration over 1 min. This can be summarized by the formula:
Ϫ1 . The calculated slopes of stimulated GnRH secretion in the absence and in the presence of leptin were then compared by Student's t test.
For expression studies, the ratio of GnRH over ␤ 2 -microglobulin mRNA was calculated for each sample. A value of 100% was then attributed to the control levels for each experiment, so that GnRH mRNA levels of other treatment samples was expressed as a percent of this control. The analysis was performed using these values of relative expression (i.e. relative quantification) and compared by ANOVA. Figure 1A is a representative experiment, illustrating the GnRH secretion elicited by various doses of nicotine applied in the perifusion. The dose dependency of this effect of nicotine is demonstrated by the analysis of the AUCs displayed in Fig. 1B ; all doses tested were found to increase integrated GnRH secretion, the first concentration that produced a significant stimulation being 10 Ϫ3 m. Similar secretion profiles were observed with NMDA stimulation (data not shown).
Results
Effects of nicotine and insulin on GnRH secretion
The potential effects of insulin to stimulate GnRH secretion were first tested in vitro, in similar dose-response experiments as those described above for nicotine. Comparing the AUCs of GnRH secretion after various concentrations of insulin demonstrates that this hormone stimulates GnRH secretion from perifused primary rat hypothalamic neurons in a dose-dependent manner ( Fig. 2A) . Insulin increased GnRH secretion over baseline at all concentrations tested, a significant effect being reached at 4 ϫ 10 Ϫ4 m (139.2 Ϯ 2.8% of basal, P Ͻ 0.05 vs. basal). The highest dose of insulin employed (8 ϫ 10 Ϫ4 m) was found to increase the AUC to 278.3 Ϯ 32.2% of basal (P Ͻ 0.01 vs. basal). Of note, similar experiments performed with IGF-I disclosed no effect on GnRH secretion in this perifusion system (data not shown).
The minute-to-minute profile of GnRH secretion stimulated by insulin is illustrated by the representative experiment of Fig. 2B . GnRH secretion increased rapidly at the start of insulin, reaching a plateau after 16 min, on average. This plateau typically lasted until the end of the insulin stimulus (32 min) and was followed by a quick return to baseline levels afterward. This experiment illustrates the lack of effect of changes in the glucose concentration of the medium on the responsiveness of GnRH secretion to insulin. This is dem- onstrated by the comparison of the AUCs of stimulated GnRH secretion (Fig. 2B, inset graph) , which are identical in low and high glucose (AUC ϭ 140 Ϯ 4% of basal at 0.5 mm glucose, and 137.5 Ϯ 4.3% of basal at 20 mm glucose, not significant). This comparison also demonstrates the absence of priming of the neurons by prior insulin stimulation. The effect of insulin was then further evaluated in vivo. Adult male mice were subjected to hyperinsulinemic clamp studies (with insulin levels ranging from 315-456 U/ml), whereas their glycemia was maintained either at 2.5 mm, 5.5 mm, or 20 mm. Circulating levels of LH were measured as a surrogate marker of hypothalamic GnRH secretion (31) . At the end of a 3-h clamp study, LH was increased by 50 -60% in all hyperinsulinemic groups, compared with controls (P Ͻ 0.05 for all groups, Fig. 3 ). Of note, changes in glycemia did not influence LH secretion (Fig 3) .
In vitro, basal GnRH secretion from hypothalamic neurons was not modulated by increasing (up to 20 mm) or decreasing (down to 0.5 mm) the glucose concentration of the perifusion medium. This lack of effect is illustrated by the representative experiment of Fig. 4A . Because K ATP channels have been implicated in the coupling of glucose sensing with cell excitability, and also because K ATP channels represent the target of sulfonylureas (32) , the potential effects of the sulfonylurea tolbutamide on basal as well as stimulated GnRH secretion were also investigated. We found no effect of tolbutamide alone (2 ϫ 10 Ϫ4 m) on basal GnRH secretion by perifused hypothalamic neurons (Fig. 4B) . However, the insulin-stimulated secretion was potentiated by this drug, as demonstrated by the significantly higher concentrations of GnRH achieved after insulin and tolbutamide, compared with insulin alone (Fig. 4B) . This potentiation was also confirmed by comparing the AUCs of stimulated GnRH, which were significantly higher in the presence of tolbutamide (Fig.  4B, inset graph) .
Effects of leptin on GnRH secretion
Leptin alone, applied either acutely or over periods of 24 -48 h, did not alter basal GnRH secretion in this system (data not shown). However, when administered immediately before the insulin stimulus, leptin was found to change the pattern of GnRH secretion as well as to potentiate the insulin effect. The data displayed in Fig. 5A illustrate the subtle change induced by leptin (10 Ϫ6 m) in the pattern of GnRH secretion. This change is more evident when the first and the second pulses are superimposed (Fig. 5B) . This figure demonstrates the significantly increased GnRH levels measured at times 8 and 12 min in the presence of leptin at 10 Ϫ4 M) has no effect on basal GnRH secretion, but it potentiates the effect of insulin on GnRH secretion (n ϭ 5; **, P Ͻ 0.01 vs. GnRH levels at the same time point after insulin alone). The inset graph demonstrates the increase in integrated GnRH secretion induced by tolbutamide (*, P Ͻ 0.05 vs. insulin alone).
FIG. 5. A, Insulin (4 ϫ 10
Ϫ4 M) stimulated GnRH secretion from perifused hypothalamic neurons in the absence or in the presence of leptin (10 Ϫ6 M; n ϭ 5). B, Same data as above: the superposition of the graphs representing the GnRH response to insulin alone (open circles) or insulin plus leptin (closed circles) demonstrates the difference in the early secretion pattern (*, P Ͻ 0.05 vs. GnRH value at the same time point after insulin alone). C, Integrated GnRH secretion in response to either insulin or insulin plus leptin (10 Ϫ7 M or 10 Ϫ6 M), demonstrating the dose-dependent potentiation induced by leptin (n ϭ 5; **, P Ͻ 0.01 vs. basal; ϩϩ, P Ͻ 0.01 vs. all others).
34.9 Ϯ 1.6 vs. 30.1 Ϯ 1.1 pg/ml at 12 min; P Ͻ 0.05 for both). Consequently, the slope of the pulse was significantly steeper in the presence of 10 Ϫ6 m leptin, being 1.0 Ϯ 0.12 pg/ml⅐min after insulin vs. 1.57 Ϯ 0.14 pg/ml⅐min after insulinϩleptin (P Ͻ 0.05). The potentiation of the insulin effect is demonstrated on Fig. 5C , which shows the significant and dosedependent increase in stimulated AUCs induced by the addition of leptin. This potentiation of the insulin effect by leptin was a very consistent finding, observed in five of five independent experiments with leptin at 10 Ϫ6 m. It was also specific for insulin, given that nicotine-stimulated GnRH secretion was not affected by leptin in the same system (data not shown). Figure 6 demonstrates the stimulation by insulin of the expression of GnRH by hypothalamic neurons in static cultures. GnRH mRNA levels were increased to 221.2 Ϯ 33.7% of controls after 24 h of incubation in the presence of insulin (4 ϫ 10 Ϫ4 m; P Ͻ 0.05). The addition of leptin (10 Ϫ6 m) to insulin further increased GnRH mRNA levels to 301.7 Ϯ 80.5% of controls, a change that was not significantly different from insulin alone.
Gene expression studies
Discussion
Insulin, the peripheral hormone secreted by pancreatic ␤-cells, has recently been implicated in metabolic regulations by the central nervous system (5) (6) (7) 20) . Here we show, for the first time, that it can directly modulate the activity of hypothalamic neurons, stimulating both GnRH secretion and expression in vitro. In addition, the consistency between these data and our observation that hyperinsulinemia can activate the neuroendocrine gonadotrope axis in intact animals demonstrates that the peripheral administration of insulin can have similar effects on hypothalamic neurons in vivo, suggesting that our results may be relevant to the hormonal regulation of reproduction. Overall, they demonstrate direct insulin sensing by hypothalamic neurons, and provide evidence for a role of insulin in the regulation of the reproductive function by changes in the overall energy balance.
Previous work has already suggested the physiologic importance of insulin in this setting. Streptozotocin-induced diabetes in the rat represents a model of insulin-deficient diabetes mellitus (33) . It has been shown that the reproductive abnormalities observed in this model result from impaired LH secretion (11) , an observation that is also consistent with human data on women with type 1 diabetes mellitus (10) . Very recently, it was demonstrated that central insulin replacement can restore a normal ovulatory LH surge in response to estradiol and progesterone administration to streptozotocin-treated female rats (34) . Our results now strongly suggest that this permissive effect of insulin on LH secretion (34) , as well as the hypogonadism reported after the central inactivation of the insulin receptor gene (5), result from impaired insulin signaling within the hypothalamus. Given the heterogeneity of our neuronal cultures (22) , it is impossible to identify with precision the cell type involved in the insulin response. It could be a direct modulation of GnRH neurons themselves by insulin. This hypothesis is supported by our finding of insulin receptor expression by a novel GnRH neuronal cell line (35) as well as by the GnRHcontaining GT1-7 cells (36) . However, it could as well represent an effect mediated via other neurons afferent to GnRH-containing cells, such as NPY neurons (37) that are present in our cultures (22) . It should also be stressed here that these results were obtained in fetal hypothalamic neurons, which may not be representative of adult neurons. Despite this limitation, our cells are kept in relatively longterm cultures. In addition, their secretion of GnRH in response to nicotine and NMDA suggests that they may acquire the normal responsiveness of mature neurons to physiologic modulation (25, 26) .
In contrast to insulin, the activity of hypothalamic neurons involved in modulating net GnRH output was not altered by acute variations in the glucose concentration. This is demonstrated by the in vitro data showing no effect of dramatic changes in the glucose content of the perifusion medium on either basal or insulin-stimulated GnRH secretion. A similar observation was made in vivo: important variations in the glycemia were not found to modify the effect of hyperinsulinemia on LH secretion, thus corroborating perfectly the in vitro results. In this respect, the neurons involved in the stimulatory effect of insulin on GnRH seem different from other hypothalamic neurons more specifically involved into metabolic regulations. Indeed, the latter are generally sensitive to variations in the extracellular glucose concentration (38) . However, the lack of effect of acute changes in glucose levels is probably not representative of the potential pathophysiological consequences that chronic hyperglycemia may have on the central nervous system control of reproductive function.
Our findings are consistent with previous data obtained in perifused hypothalamic fragments (39) ; in that study, the authors also reported a stimulation of GnRH secretion by insulin, independently of the glucose concentration of the medium. In addition, they also reported that basal GnRH secretion was inhibited in the absence of glucose in the perifusion medium. Interestingly, we observed a similar drop of GnRH secretion at 0 mm glucose in our system (data not shown) that we attributed to a nonspecific silencing of GnRH neurons. Indeed, this phenomenon has been well described in many neuronal cell types (28, 40, 41) . Therefore, we think that the interpretation of this particular finding is very difficult, and may not necessarily be attributed to glucose sensing by GnRH neurons. It has been demonstrated that the presence of functional K ATP channels is important for correct glucose sensing by glucose-responsive neurons (42) . Therefore, we also investigated the effects of the sulfonylurea tolbutamide. We did not observe any change in basal GnRH secretion after exposure to this drug, a finding probably consistent with the lack of glucose responsiveness of the neurons involved in increasing GnRH secretion in our system. However, we also found that blockade of the K ATP channels by tolbutamide resulted in a potentiation of the insulin stimulus. These data suggest the existence of a cooperation between the insulin receptor and K ATP channels in insulin-sensitive neurons involved in the modulation of GnRH output by the hypothalamus. This observation implies that, notwithstanding their lack of sensitivity to glucose, these neurons can be modulated by variations in their endogenous metabolic status (41) , as well as by the extracellular insulin concentration.
In line with previous studies (22) , micromolar concentrations of insulin were required to elicit GnRH secretion in vitro. This may be inherent to the neuronal cultures, but it should also be stressed that very little is known about the actual concentrations of peptides achieved in vivo within the central nervous system. The need to use such concentrations could also be compatible with a transmission of the insulin signal via the IGF-I receptor. And indeed, a role of the IGF-I system in the regulation of GnRH secretion has been suggested (43) (44) (45) (46) . However, perifusion experiments performed with IGF-I failed to demonstrate any effect on GnRH secretion in our in vitro system. This negative result suggests that the IGF-I receptor is probably not involved in the insulin action described here. Interestingly, it has been hypothesized that IGF-I plays a role early in the development and maturation of the GnRH neuronal system (43) . If this is true, then the lack of effect of IGF-I on GnRH secretion in our culture system may indicate that these neurons behave more like adult, well-differentiated neurons. Nevertheless, the present results do not allow us to rule out any involvement of the IGF-I/IGF-I receptor system in the physiologic regulation of the gonadotrope axis.
In contrast to insulin, leptin is a more recently discovered metabolic factor (12) that has been readily implicated in the modulation of reproduction (4, 16) . It has been shown to participate in the timing of puberty (17, 18) and in the preservation of reproductive function under poor metabolic conditions (47) . These effects of leptin are, at least partially, mediated via an inhibition of hypothalamic neuropeptide Y expression and secretion (22, 47) .
Whether leptin can directly activate GnRH neurons remains debated. Some authors have reported a stimulation of GnRH secretion by leptin in various in vitro models (48, 49) , a finding consistent with the possible presence of the leptin receptor in GnRH neurons (50) . Other studies failed to demonstrate such direct effect (51) . At present, these contradictory results seem very difficult to reconcile, and they may represent only technical differences. In our in vitro system, leptin applied alone did not modulate GnRH secretion in various acute and chronic experimental paradigms. This observation confirms a number of in vivo studies that concur to suggest that leptin is a permissive factor for gonadotrope axis activation (4, 16, 52) . In this respect, our finding that leptin potentiates the action of insulin on GnRH secretion may be very important. It is consistent with the phenotype of the neuron-specific insulin receptor knockout (NIRKO) mice: in the absence of central insulin signaling, the neuroendocrine gonadotrope axis of these animals remains quiescent despite elevated circulating levels of leptin (5) . Therefore, the present data provide a mechanism for the well-recognized action of leptin on reproductive function, suggesting that long-term adaptations of the reproductive axis to metabolic parameters might be dependent on the coordinated insulin and leptin signals.
Interestingly, a detailed analysis of the pattern of GnRH secretion shows that its release in response to insulin is faster in the presence of leptin, suggesting that leptin increases the responsiveness of GnRH neurons to insulin. If this hypothesis were correct, it would be reminiscent of results obtained by others in hippocampal neurons (53) . Indeed, electrophysiological studies have shown that leptin alone has no effect on the activity of these neurons, but that it can increase their responsiveness to NMDA stimulation (53) .
The demonstration that insulin regulates hypothalamic GnRH secretion allows us to establish the hypothalamus as an important target for the neuroendocrine effects of this hormone. Nevertheless, the exact physiological relevance of this regulation remains an open question. Does insulin play a role in the hour-to-hour regulation of the gonadotrope axis, or is it rather acting as a permissive factor like leptin? If the second hypothesis is correct, then our data suggest that the periodic excursions of circulating insulin concentrations into the range of high values observed after meal ingestion participate in the maintenance of gonadotrope axis activity. In addition, our finding of a potentiation of this action of insulin by leptin provides a mechanism for the integration of metabolic signals by the reproductive axis. This leads to the hypothesis that interactions between the insulin and the leptin signaling pathways might be crucial for the regulation of overall energy balance by specialized hypothalamic neurons. Further work should be aimed at elucidating more precisely the type of neurons involved in the effects described in the present study.
